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The rapid development of quantum information processors has accelerated the demand for technologies that
enable quantum networking. One promising approach uses mechanical resonators as an intermediary between
microwave and optical fields. Signals from a superconducting, topological, or spin qubit processor can then be
converted coherently to optical states at telecom wavelengths. However, current devices built from homogeneous
structures suffer from added noise and small conversion efficiency. Combining advantageous properties of
different materials into a heterogeneous design should allow for superior quantum transduction devices – so far
these hybrid approaches have however been hampered by complex fabrication procedures. Here we present a
novel integration method based on previous pick-and-place ideas, that can combine independently fabricated
device components of different materials into a single device. The method allows for precision alignment by
continuous optical monitoring during the process. Using our method, we assemble a hybrid silicon-lithium
niobate device with state-of-the-art wavelength conversion characteristics.
Hybrid photonic devices have attracted significant attention
for their potential in both classical and quantum information
processing [1–4]. While individual materials rarely possess all
desired properties, the combination of several materials allows
for superior designs needed for the realization of photonic cir-
cuits that include light generation, guiding, modulation, and
detection. For example, the integration of silicon photonic cir-
cuits with single photon sources [5], two dimensional materi-
als [6], and classical light sources [7] has been demonstrated,
promising new capabilities beyond what is achievable with a
homogeneous approach. This optimization and combination
of several desired properties often comes at the expense of sig-
nificantly more complex fabrication procedures, complicating
the development of more advanced hybrid photonic devices.
Different material systems typically react differently to chem-
icals or etching procedures, leading to incompatibilities in the
fabrication process. Here we present a novel approach to the
fabrication of hybrid devices, based on a “pick-and-place”
procedure, which is agnostic to the photonic material and
compatible across a large range of different platforms. Ad-
ditionally, this technique can use in-situ alignment to achieve
accurate positioning without a complex imaging system. We
demonstrate the capabilities of our new method by combining
a silicon photonic crystal cavity with a piezoelectric lithium
niobate transducer and experimentally demonstrate state-of-
the-art microwave-to-optics wavelength conversion.
Coherent conversion of quantum states between optical
and microwave frequencies through a quantum transducer has
become an attractive candidate to connect superconducting
quantum processors. Though well-suited for local manipu-
lation, the low frequency of superconducting circuits makes
processors in distant cryostats difficult to connect [8, 9]. A
quantum transducer can solve this issue by converting quan-
tum information into the optical domain, where it is protected
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against room temperature thermal noise [10, 11]. Low-loss
optical fibers can then be used to transmit information over
large distances, creating a network of connected quantum pro-
cessors [12, 13].
In particular, electro-optomechanical devices have emerged
as a leading platform for realizing quantum transducers [14–
25]. In such a device, an optomechanical interaction is used
to transfer quantum excitations between optical and mechan-
ical modes [4, 26], while a resonant electromechanical (of-
ten piezoelectric) drive can be used for efficient conversion
between mechanical and microwave modes [27]. The ma-
nipulation of a quantum state of the mechanical resonator
at the single phonon level has been demonstrated with both
optomechanical [28–30] and piezoelectric interactions [31–
33]. Most recently, photons from a microwave qubit have
been converted into telecom photons [25] using a hybrid Alu-
minum Nitride-on-Silicon-on-Insulator platform. While these
first proof-of-principle experiments are highly encouraging,
further improvements to the efficiency and fidelity will require
even stronger piezoelectric materials.
On the one hand, state-of-the-art quantum optomechanical
experiments primarily use silicon due to its high refractive in-
dex and photoelasticity, which enable large optomechanical
coupling rates, as well as its small optical absorption. On
the other hand, some of the most promising candidates for fa-
cilitating efficient coherent interactions between microwaves
and mechanics are highly piezoelectric materials like LiNbO3
and AlN [19, 23, 25]. Therefore, combining silicon pho-
tonics with these piezoelectric materials into a single hybrid
electro-optomechanical device naturally emerges as an attrac-
tive approach to establish a coherent link between microwave
and optical modes [34]. Single-material (or homogeneous)
approaches have been investigated [21, 23], but so far suffer
from a lack of a material that fulfills the requirements for both
strong piezoelectric and optomechanical coupling. To avoid
this problem, optomechanical wavelength converters can use
a hybrid approach [25] where a device is fabricated from mul-
tiple materials. However, this often comes at the expense of a




























In this work, we present a simple, flexible strategy for re-
alizing such devices. We use a pick-and-place technique [3]
to assemble a hybrid structure from components fabricated on
separate chips. A wavelength converter requires a high degree
of accuracy in assembly to reach maximum efficiency. We
develop a method that can achieve state-of-the-art nanoscale
positioning with a straightforward procedure. Working with
only a simple micropositioning stage, a microscope, and a
digital camera, we utilize a tapered optical fiber to transfer
a silicon photonic device onto a piezoelectric chip (cf. Fig. 1).
Replacing commonly used tungsten tips with a tapered fiber
enables one to use the photonic cavity’s evanescent field as
a high-precision position sensor. The simplicity and flexi-
bility of the technique makes it well-suited for the develop-
ment of novel devices, previously only possible through dif-
ficult and lengthy fabrication procedures, as well as proof-of-
principle experiments with almost any combination of mate-
rials. Unlike wafer-scale bonding approaches, pick-and-place
techniques enable a straightforward approach to further inte-
gration of electro-optomechanical devices with other quantum
technologies without significantly changing fabrication proce-
dures. This material-independent technique is useful for rapid
prototyping and integrating new material combinations in hy-
brid photonic circuits. Though the surface interaction between
certain materials might prevent an integration as straightfor-
ward as the one demonstrated here, it is possible to mitigate
this issue by modifying the surface of the chip. Our technique
is an especially attractive approach for coupling cavities to









FIG. 1. Slapping: Pick-and-place assembly with tapered optical
fibers. A cartoon depiction of the “slapping” procedure. (a) Pho-
tonic crystal nanobeams are patterned in a thin film of silicon (white)
released from a thick oxide layer (gray). (b) A tapered optical fiber
(cyan) touches the nanobeam and sticks due to van der Waals forces.
(c) The thin tether of silicon connecting the nanobeam to its chip
is broken through repeated motion with the fiber and the photonic
device is lifted away. (d) The fiber and nanobeam are brought into
close proximity with the substrate of a different chip (yellow). The
optical and mechanical spectra of the nanobeam can be measured in
order to map the surface and locate an optimal placement location
(indicated by the red outline), in principle creating the possibility to
align to various defects, such as spins, in the new material. (e) The
nanobeam is then touched down onto the surface. (f) Once the device
is properly assembled, the fiber is lifted.
ing the placement can enable an optimal positioning of the
cavity. We illustrate the capabilities of our new technique by
demonstrating a silicon photonic crystal cavity combined with
a LiNbO3 electromechanical system, previously a difficult-to-
realize material combination. We further experimentally char-
acterize the device and demonstrate its potential for quantum
transduction tasks.
Device design and fabrication
Several quantum transducers using thin-film lithium nio-
bate have shown promising results [19, 20, 23], due to the
large values of the material’s piezoelectric tensor. However,
these homogeneous approaches failed to achieve the high op-
tomechanical coupling necessary for efficient transduction, as
LiNbO3 has a relatively small refractive index (nLN ≈ 2.2
at 1550 nm). By incorporating a silicon cavity the optome-
chanical coupling of a thin-film lithium niobate device can be
significantly increased. In our approach, the transducer is as-
sembled by placing a one-dimensional silicon photonic crystal
nanobeam on top of a suspended lithium niobate membrane
patterned with electrodes used for piezoelectric coupling (see
Fig. 2a). This hybrid structure supports mechanical modes
that are distributed across both materials and that couple to
both optical and microwave electromagnetic fields. The mem-
brane resonator is made from X-cut lithium niobate and is de-
signed to support GHz-frequency Lamb wave modes along
the y-axis of the crystal, as shown in Figure 2b. Through
finite-element simulations, we find A0-like modes (zeroth-
order asymmetric Lamb wave), where the stress inside the sil-
icon nanobeam closely resembles the stress distribution of its
breathing mode [35] (cf. Fig. 2c). Higher piezoelectric cou-
pling can be expected for S0-like modes, albeit with lower
mechanical quality factor due to the geometry of our device.
The mechanical modes of the membrane are excited by an
array of equally spaced electrodes, known as an interdigital
transducer (IDT). The pitch of the electrodes determines the
frequency of the excited modes, while the number of fingers
sets the bandwidth [36]. Using a large membrane with large
number of IDT fingers will lead to higher coupling rates be-
tween mechanical modes and microwaves, but comes at the
expense of reduced optomechanical coupling, as more effec-
tive mass is added to the mechanical mode. We design our
electromechanical device with 2 finger pairs and dimensions
of 0.34 × 5.4 × 15 µm, with a pitch of 1.5 µm. From finite-
element simulations, we expect an effective electromechanical
coupling coefficient k2eff ≈ 1% for our membrane design.
The silicon nanobeam optical cavity on top of the mem-
brane is formed by a photonic crystal mirror at each end and a
tapered defect region in the middle [37], made out of 250 nm
thick silicon. Finite-element simulations of the bare silicon
photonic crystal cavity nanobeam show a fundamental reso-
nance around 1565 nm with a quality factor exceeding 2×105.
When the nanobeam is placed on top of the LiNbO3 mem-
brane its resonance is shifted to around 1595 nm (see Fig. 2c
for details). We further calculate an optomechanical coupling
rate of 24 kHz for an optimally positioned nanobeam.
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FIG. 2. Hybrid piezo-optomechanical devices. (a) A false color
SEM image of a LiNbO3 film acoustic resonator with a silicon pho-
tonic crystal cavity placed on top. The released LiNbO3 is light gray,
the silicon nanocavity is blue, the gold electrodes are yellow, and the
lithium niobate marker used for positioning is purple. The silicon
cavity features a tapered waveguide that is used for coupling light
from an optical fiber (not shown). (b) Simulated strain component
syy, which is dominant for photoelastic and piezoelectric coupling.
Shown is the profile of a mode of the hybrid device, top view (left)
and cross-section with the mechanical deformation (right). (c) Fun-
damental resonant optical mode of the silicon photonic crystal cavity
nanobeam, viewed from the top. The indicated axes correspond to
the lithium niobate axes, while the silicon nanobeam is fabricated
from a [100] wafer, with the cavity along the [110] direction.
We fabricate the lithium niobate devices using two electron-
beam lithography steps. The first places electrodes on top of
the membrane, and the second etches into the lithium nio-
bate. The silicon nanobeam is fabricated in a single lithog-
raphy step, with the photonic crystal cavity connected with
single narrow bridge to the rest of the chip in order to be able
to pick it up with the fiber during the transfer procedure (see
the Supplementary Information for more details).
Slapping technique
Our approach for making hybrid photonic integrated cir-
cuits is based on the pick-and-place method, where structures
are removed from a “donor chip” made of a desired mate-
rial and are transferred to a “device chip” made of a tradi-
tional photonic material. In the past, this transfer has been
accomplished using polymer stamps [38, 39], atomic force
microscopy (AFM) tips [40], or tungsten nanomanipulator
probes [5, 41–45]. In contrast, we developed a new method
using an optical fiber, which we refer to as slapping. One of
the major advantages of our approach is that we can achieve
high-precision positioning without sacrificing the ease of op-
eration, because the silicon photonic devices can be directly
and continuously measured during the transfer process.
Tapered optical fibers are commonly used to couple light
into nanophotonic devices with high efficiency [46–48] and
have also been used to rip away loosely connected photonic
crystal cavities from the chip they were fabricated on [49, 50].
Here, we extend this technique by placing the cavities onto
a different substrate to create a hybrid photonic device. In
our procedure (cf. Fig. S3), silicon photonic crystal cavity
nanobeams are attached by a thin tether (≈ 50 nm) on a donor
chip. The chip is placed on a piezo-controlled motorized stage
where it is viewed from above through a 500× microscope
objective using a charge-coupled device (CCD) camera. A ta-
pered fiber is placed above the donor chip at an angle of a few
degrees lower than horizontal, such that the tip is nearly par-
allel to the surface of the donor chip. The motorized stage is
then used to touch the waveguide of a photonic crystal cav-
ity using the tapered fiber and van der Waals forces cause the
fiber to adhere to the silicon. At this point, the optical and
mechanical spectra of the optomechanical nanobeam can be
measured with a tunable laser and photodetector using the re-
flected light in the optical fiber. This measurement can be used
to preselect photonic structures supporting high-quality opti-
cal and mechanical modes, increasing the yield of the final
devices.
Once the fiber is stuck to the nanobeam, the stages can be
moved back and forth by a few microns, until the tether brakes
and the nanobeam is ripped away. The donor chip is then
lowered away from the fiber, and the device chip is moved
into its place. The fiber is brought close to the surface of the
device chip such that the silicon nanobeam and lithium nio-
bate membrane are in focus simultaneously. A rough align-
ment can be done using the camera and microscope. With
the evanescent field of the cavity, the environment surround-
ing the nanobeam can be probed, and its position with respect
to the substrate can be determined. To further improve the
accuracy of this alignment we include a thin marker in the
LiNbO3 layer near the mechanical resonator (see Fig. 2a). By
moving the nanobeam over this marker and monitoring the
optical spectrum a sharp reduction in the quality factor of op-
tical modes due to scattering in close proximity to the marker
can be observed (cf. Fig. S4). Using this strategy, we are
able to position the center of the optical cavity directly over
the marker before transferring it to the mechanical resonator,
which results in reliably placing our nanobeams with an ac-
curacy of less than 100 nm, which is significantly better than
what is possible with optical imaging methods. The angular
alignment accuracy is typically  1◦. Additional reduction
in the alignment error can easily be realized through contact
sensing and monitoring of the mechanical resonance of the
cavity.
Once positioned, the fiber is then lowered, until the
nanobeam touches down onto the membrane. As the van der
Waals force makes the nanobeam stick to the substrate more
strongly than to the fiber, the fiber can be lifted away from
the hybrid structure. A finalized device using this method
is shown in Figure 2a. We note that this technique is not
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FIG. 3. Characterization of a piezo-mechanical device before
slapping. Electromechanical reflection spectrum of a fabricated
lithium niobate device before the slapping procedure. The frequency
and quality factor of four significant modes are indicated. After
the slapping, the mode frequencies shift slightly, and the mode line
widths change (cf. Fig. 4).
material-specific and only uses materials typically used in a
laboratory capable of optical characterization.
Results
After assembly, we measure the microwave and optical re-
flection spectra of our devices, which were all patterned with
the electrodes wired to large pads in a ground-signal-ground
(GSG) configuration. We measure the signal in reflection us-
ing a coaxial radio frequency (RF) GSG probe and a vector
network analyzer (VNA), and the signal is normalized to the
open response of the probe.
For our full procedure, we first characterize the lithium nio-
bate resonator before slapping the silicon nanobeam by mea-
suring the microwave reflection spectrum. Prominent dips in
the reflection spectrum (see Fig. 3) indicate a power transfer
into the mechanical modes of the device. After the slapping,
the same measurement reveals that the resonances are slightly
shifted, while the quality factors experience a modest decrease
(Fig. 4b, red trace). We observe groups of modes spaced
by approximately 330 MHz, which matches the free spectral
range of the A0-like mechanical modes in our simulations.
Optical spectroscopy of the hybrid device is performed using
a tunable external-cavity diode laser. The reflection spectrum
of the device shows two prominent resonances at 1588 and
1617 nm with a line width of 6.6 and 11.3 GHz, respectively
(Fig. 4a).
We then proceed to measure microwave-to-optical trans-
duction at room temperature. A microwave tone is swept
over the device, exciting the mechanical supermodes of the
hybrid nanobeam-and-membrane structure on resonance. At
the same time, optical laser light detuned to the blue side of the
cavity by 1.4 GHz is continuously pumped into the nanobeam,
through an optical circulator and a tapered optical fiber. On
resonance, the mechanical motion excited by the microwave
signal will drive the optomechanical Stokes process and create
a sideband resonant with the optical cavity. The optical inten-
sity resulting from the beat note between the reflected cavity
and pump photons can be measured by monitoring the light
reflected from the cavity on a fast photodiode. Key param-
eters such as single-photon optomechanical coupling rate g0
and microwave-to-optical efficiency ηeo can be extracted by
comparing the response of the output of the fast photodetector
to the microwave input. Using a VNA yields a transmission-
type S 21 measurement of microwave-to-optical transduction
(Fig. 4b, blue trace).
We select the mechanical mode at 1.7 GHz as our mechan-
ical resonance as it has the highest value in our S 21 measure-
ment. The input optical power sent into the cavity through the
tapered fiber is Iin = 25.3 µW, while the overall received opti-
cal power at the photodiode is Irec = 804 nW. Following [19],
the single-photon optomechanical coupling rate g0 can be ex-
tracted from the S 21 in the sideband resolved regime, where
FIG. 4. Microwave-to-optical transduction using a slapped Si-on-
LiNbO3 device. (a) Optical reflection spectrum. (b) Full microwave
reflection (S 11, red) and transmission (S 21, blue) signals as a function
of frequency. The microwave transmission response of the device is
proportional to its microwave-to-optical transduction efficiency. (c)
Diagram of the experimental setup used to characterize the transduc-
tion of the device (indicated by the green arrow). PD, photodiode;
VNA, vector network analyzer.
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we use Rload = 50 Ω for the impedance of the VNA ports and
RPD = 1300 V/W as the responsivity of the photodiode. In our
case the anti-Stokes sideband is not completely suppressed,
leading to a slight under-estimation of g0. The microwave-to-
optical transduction efficiency ηµ→o is the product of the single
photon cooperativity C0, the intracavity photon number ncav,
and the microwave and optical external coupling efficiencies
(ηext,µandηext,o, respectively):










We find g0/2π ≈ 10 kHz, which matches well with the
simulated value of 13 kHz for a slightly nonoptimally placed
nanobeam. While the large loss rates of the optical and me-
chanical resonators of 6.6 GHz and 12 MHz, respectively,
keep this device out of the Concav > 1 regime, the relatively
high external coupling efficiencies result in a photon num-
ber conversion efficiency of ηµ→o ≈ 1 × 10−7 at an optical
power of Iin = 25 µW in the fiber. This result is on par with
homogeneous state-of-the-art LiNbO3 devices [19, 23]. On
the one hand, while Ref. [19] exhibits a large microwave-to-
mechanics conversion γe/γ = 0.15, it suffers from a small
optomechanical coupling g0/2π = 1.1 kHz. On the other
hand Ref. [20] utilizes small mode volume nanobeam cavi-
ties to achieve g0/2π ≈ 80 kHz but at the expense of low
γe/γ = 0.001. Our platform combines the strengths of both,
with g0/2π = 10 kHz and γe/γ = 0.015. Compared to a recent
AlN on Si design [25], our device also exhibits a significantly
higher piezoelectric coupling. Following [20], we estimate
that the coupling of our device to a microwave LC resonator
of the same impedance would yield about an order of magni-
tude higher coupling ∼2π×40 MHz. An additional advantage
of our design is the better thermal anchoring, resulting in a
reduced susceptibility to optical absorption induced heating.
We have demonstrated a new approach for wavelength con-
version that is on par with other recent state-of-the-art de-
vices. We have done this by successfully integrating Silicon
and LN into a single hybrid electro-optomechanical device
using a new and simplified variation of the pick-and-place
technique. Our work shows that placing can be done on a
suspended membrane, while forming good mechanical con-
tact. This confirms that this simple technique is relevant for
fabricating optomechanical devices. As the material combi-
nation used in this work is superior for the optomechanical
quantum transduction task than any other approach to date,
additional adjustments to our platform can be used to sig-
nificantly improve the performance of this new class of de-
vices by several orders of magnitude. Coupling between mi-
crowave and mechanical modes can be increased by using
an on-chip impedance matching circuit and switching to S0-
like modes. In our LiNbO3 membranes these modes suffered
from small quality factors, which can be overcome by adjust-
ments to the fabrication procedure, as similar designs have
demonstrated S0-like modes with much larger Q factors [51].
This will enable us to use a smaller membrane (while preserv-
ing the piezo k2e f f ), which will increase the optomechanical
coupling rate. Further improvements in the fabrication will
lead to higher optical quality factors and, hence, to a better
overall efficiency, which has already been demonstrated in a
similar structure [52]. Our new slapping approach is also di-
rectly applicable to the precision positioning of photonic crys-
tal cavities to spins in a substrate, such as for color centers
in diamond [53] and rare-earth ions [54, 55]. While a deter-
ministic pick and place between nitrogen-vacancy centers and
photonic crystal cavities has been demonstrated [41], our ap-
proach using a tapered fiber for simultaneous high-efficiency
readout and pick-and-place procedure with in situ alignment
simplifies the assembly process significantly.
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and O. Benson, Rev. Sci. Instr. 82, 073709 (2011).
[41] D. Englund, B. Shields, K. Rivoire, F. Hatami, J. Vučković,
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[46] S. Gröblacher, J. T. Hill, A. H. Safavi-Naeini, J. Chan, and
O. Painter, Appl. Phys. Lett., 103, 181104 (2013).
[47] T. G. Tiecke, K. P. Nayak, J. D. Thompson, T. Peyronel, N. P.
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We begin with a Lithium Niobate on Silicon (LNOS) 5 ×
10 mm chip, consisting of a 340 nm layer of X-cut, single
crystal lithium niobate doped with 5 mol% MgO bonded to
a 500 µm thick silicon substrate. Electrodes are defined by
first patterning a 280 nm thick coating of electron beam re-
sist and then evaporating an adhesion layer consisting 5 nm
of chromium and 15 nm of platinum under a 40 nm layer of
gold. The evaporation step is followed by lift-off, where the
chip is placed in a beaker of anisole heated to 80 ◦C and set in
an ultrasonic bath for five minutes. Next, the second electron
beam lithography step defines the shape of the thin film res-
onators in a thick 550 nm coating of CSAR62.13 resist. The
exposed lithium niobate is etched through by a large cross-
sectional beam of argon ions incident at a 90-degree angle
to the surface of the chip. This process etches through the
lithium niobate membrane and results in a sidewall angle of
75◦. The devices are released using a dry SF6 reactive ion
etch which isotropically etches the silicon through the holes
in the lithium niobate film. The resist is not stripped until af-
ter the underetching step in order to prevent contamination of
the etcher. At this point, resist removal is achieved by ashing
in oxygen plasma. Finally, we employ an inorganic cleaning
step to remove lithium niobate redeposited during the physi-
cal etching. We prepare a mixture similar to RCA-1, a 2:2:1
ratio of NH4OH [28%] : H2O2 [31%] : H2O. The mixture is
heated to 85 ◦C and mixed with a stir bar for 5 minutes before
our samples are placed in for another 5 minutes. A fabricated
device is shown in Fig. S1a. The silicon nanobeam fabrica-
tion is described in detail in [56], with the liquid HF undercut
being replaced with vapor HF. A fabricated nanobeam device
is shown in Fig. S1b.
B. Redeposition of Lithium Niobate
Despite being a widely used material across multiple in-
dustries for decades, the nanofabrication of lithium niobate
is considered difficult. There is no known chemical etch for
FIG. S1. Fabrication. (a) A SEM image of a lithium niobate res-
onator on the device chip before the slapping procedure. (b) A SEM
image of a silicon photonic crystal cavity nanobeam on the donor
chip before slapping. The structure is connected to the chip by the
tether at the top.
lithium niobate that produces desirable devices with accept-
able sidewalls and low surface roughness without unwanted
contamination. This leaves as the only viable alternative
physical etching. Inspired by Refs. [57–59], we process our
lithium niobate using argon ion beam etching (also called ion
milling) in an inductively coupled plasma etcher. However,
ion milling lithium niobate causes amorphous LiNbO3 rede-
position, creating unwanted features and increasing sidewall
roughness as seen in Figs. S2a and S2b. We mitigate this
problem first by optimizing the plasma etching parameters to
minimize redeposition and then by chemically cleaning our
sample. The results are shown in Fig. S2c. The chemical
cleaning step is based on RCA-1, which is typically used on
silicon devices [60] and found to also be effective on lithium
niobate [61].
FIG. S2. Redeposition of Lithium Niobate. (a) A SEM image
of lithium niobate after ion milling, with the profile in false color.
LiNbO3 is orange and the remaining resist is blue. After milling
through the LiNbO3, angular features about 45 nm wide and 60 nm
tall are redeposited above the LiNbO3 layer of our sample, indicated
by Marker 1. Marker 2 points to the resulting rough sidewalls. (b) A
curved structure in a suspended thin film of LiNbO3 shows the same
issues. (c) The same device after RCA-1 cleaning. The sidewalls
appear smooth and no redeposited features are present.
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FIG. S3. Slapping Pick-up. (a) An optical microscope image of a photonic crystal cavity nanobeam before slapping. (b) A tapered optical
fiber is placed in contact with the tapered waveguide of the nanobeam, allowing to measure its resonance with high efficiency. (c) The fiber is
then moved around, dragging the nanobeam with it until the tether is broken. (d) With the tether broken, the nanobeam can be moved away
from the chip. (e) Finally, the fiber is lifted from the donor chip. The nanobeam is now ready to be slapped onto a new device.
C. Slapping Procedure
The slapping technique consists of first picking up and then
slapping down a structure from a donor chip onto a device
chip. The pick-up procedure begins by placing a silicon donor
chip under a microscope and locating a photonic crystal cav-
ity nanobeam (Fig. S3a). In this image, the device is con-
nected to the chip by a thin tether at the bottom (see SEM in
Fig. S1b). Next, a tapered optical fiber is lowered until the de-
vice and the tip of the fiber are simultaneously in focus. The
tapered fiber is then placed on the tapered waveguide of the
nanobeam (Fig. S3b). It is easy to distinguish when the fiber
is touching the nanobeam, as the fiber changes color on con-
tact. At this stage, the optical and mechanical spectra of the
nanobeam device can be measured in order to confirm that it is
functioning as intended. When the fiber is moved to the left or
the right, the nanobeam adheres and pivots around the tether
(Fig. S3c). We find that sweeping the fiber left and right by a
few microns reliably breaks a 50-100 nm thick tether. Once
the tether is broken, the nanobeam can be pulled away from
the donor chip (Fig. S3d) and finally be lifted away (Fig. S3e).
Next, after picking up the nanobeam, it can be placed back
down wherever desired. Slapping the nanobeam only requires
that the structure sticks better to the new substrate than it does
to the tapered fiber tip. This is usually true for any material, as
the nanobeam is picked up in such a way that it contacts only
a small fraction of the nanobeam’s surface area. When the
nanobeam is slapped down, its entire bottom surface touches
the substrate and thus it adheres. We found that once slapped,
the structures’ position can be further adjusted by pushing
them across the substrate with the tapered fiber after slapping.
D. Increasing Slapping Accuracy with In-Situ Optical Sensing
The accuracy of slapping an arbitrary structure is in princi-
ple limited by the optical diffraction limit and practically by
operator error. However, in our approach we are picking up
optical cavities with an optical fiber. This allows us to sig-
nificantly improve the accurate placement by measuring the
photonic crystal cavity during the slapping procedure.
In order to demonstrate and characterize the in-situ align-
ment procedure of the position of the cavity with respect to a
feature on a device chip, we monitor the resonance as we ap-
proach a silicon marker. The marker is simply a 270-nm thick
silicon cantilever, similar to the lithium niobate marker visi-
ble in the bottom of Fig. 2b. In order to sense the marker, the
nanobeam is placed a few hundred nanometers above the de-
vice chip while the optical resonance is measured on reflection
using the tapered fiber. Scattering drastically reduces the qual-
ity factor of the optical cavity when the marker is near the de-
fect region of the photonic crystal. In addition, the resonances
are slightly redshifted close to the marker (see Fig. S4). Both
effects are clear, as the redshift and the linewidth of the fun-





































FIG. S4. In-Situ Sensing. Measurement of the silicon optomechan-
ical crystal nanobeam attached to an optical fiber enables increased
positioning accuracy with respect to an on-chip marker. The qual-
ity factor of the fundamental optical mode is significantly reduced as
the nanobeam approaches the marker. Inset: Corresponding optical
reflection spectrum of the nanobeam at each point.
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By fitting the data to find the position of maximum absorption,
we can locate the center of the photonic crystal cavity directly
over the on-chip marker. Using this technique, we are able to
position a nanobeam with an accuracy of better than 100 nm,
well under the optical diffraction limit (100s of nanometers in
this case).
E. Photonic Crystal Design
The cavity is formed by two photonic crystal mirrors at
each end and a tapered region in the middle, designed and
fabricated according to [52]. The unit cell periodicity of the
mirror is am = 338 nm and hole axes are r1 = 78 nm and
r2 = 258 nm, while the width of the nanobeam is w = 650 nm
and the thickness of the silicon layer is 250 nm. The lattice
spacing is quadratically tapered to a value ad = 0.91 nm and
a = 307.6 nm in the central defect region. Through the sim-
ulation of the optomechanical coupling rate g0 of various me-
chanical modes to the photonic cavity, we confirm that the
coupling inside the lithium niobate is small and hence can be
neglected, as most of the optical mode is contained inside of
the silicon. The relatively low quality factor of the fabricated
cavities can be attributed to poor etching of the silicon.
F. g0 of S0 mode
We calculate the optomechanical coupling rate for S0-
like modes of our hybrid device (Fig S5), as these modes




FIG. S5. S0-like mode of the device. This mode gives the best
performance, as most of the device is either coupled to optics or mi-
crowaves through high photoelastic/piezoelectric coefficients.
G. Estimation of g0
Here we like to sketch how we estimate g0 from our ex-
perimental data. Light in the photonic cavity can be decom-
posed into three fields: the pump and the two optical sidebands
shifted from the pump by the RF drive frequency. Expressions








i(∆ + Ωd) + κ/2
A+ =
−iGA0
i(∆ −Ωd) + κ/2
where ∆ = ωc −ωL is the detuning of the laser with respect to





γe/γ, with Ωd and Pin being the
frequency and power of the microwave drive of the mechani-
cal resonator, respectively, and |Ain|2= Iin~ωL . Light coming out
of the cavity is then given by:







After propagating to the detector with an efficiency η =
0.28, we detect the signal at the mechanical frequency with
an amplitude U = RPD~ωc|A|2. We then calculate the power
that the VNA receives as Pout = U2/(2Rload), and finally ob-
tain S 21 = Pout/Pin. Using this relationship between g0 and
S 21 we can then numerically calculate g0.
H. Vπ of a Hybrid Device
We have characterize another device with higher mechan-
ical frequency and slightly smaller optical linewidth. This
enables us to clearly see the modification of optical reflec-
tion spectrum due the presence of RF drive on the IDTs (see
Fig. S6), as done in Ref. [19]. This makes the resonance fre-
quency of the cavity to oscillate with respect to the laser at the
drive frequency. In the cavity’s frame of reference the laser
frequency is modulated, giving rise to sidebands at the RF







to estimate the Vπ ≈ 50 mV of our device.
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FIG. S6. Vπ of a slapped hybrid device. Blue trace is taken with an
RF power sent to IDTs of -30 dBm at 3.06 GHz, while the red trace
corresponds to -20 dBm.
